Steroid receptor coactivator 3 (SRC-3/ACTR/AIB-1/pCIP/ RAC3/TRAM-1) is a member of the p160 family of nuclear receptor coactivators that plays an important role in mammary gland growth, development, and tumorigenesis. We show that deletion of SRC-3 gene decreases platelet and increases lymphocytes numbers, leading to the development of malignant B-cell lymphomas upon aging. The expansion of the lymphoid lineage in SRC-3 À/À mice is cell autonomous, correlates with an induction of proliferative and antiapoptotic genes secondary to constitutive NF-jB activation, and can be reversed by restoration of SRC-3 expression. NF-jB activation is explained by the degradation of IjB, consequent to increases in free IjB kinase, which is no longer inhibited by SRC-3. These results demonstrate that SRC-3 regulates lymphopoiesis and in combination with previous studies indicate that SRC-3 has vastly diverging effects on cell proliferation depending on the cellular context, ranging from proliferative and tumorigenic (breast) to antiproliferative (lymphoid cells) effects.
Introduction
The steroid receptor coactivators (SRCs), also known as p160 proteins, were among the first cofactors identified that interact with nuclear receptors (NRs) to enhance their transactivation in a ligand-dependent manner (McKenna et al, 1999) . Members of the SRC family, which include SRC-1, SRC-2/ GRIP1/TIF-2, and SRC-3/ACTR/AIB-1/pCIP/RAC3/TRAM-1 (Onate et al, 1995; Voegel et al, 1996; Anzick et al, 1997; Li et al, 1997; Takeshita et al, 1997; Torchia et al, 1997) , are all NR coactivators. SRC-1 and SRC-3 contain an intrinsic acetyltransferase activity and all p160 proteins can recruit histone acetyltranferases (Torchia et al, 1997) and histone methyltransferases , explaining their capacity to coactivate and interact with general transcription factors, such as TFIIB and TBP (Tsai and O'Malley, 1994; Takeshita et al, 1996) . Although the three members of the SRC family have a great degree of overall sequence similarity and enhance the activity of many NRs in a similar manner, these proteins have distinct functions. The disruption of the SRC-1 gene in mice causes partial resistance to multiple hormones, including estrogen, progesterone, androgen, and thyroid hormone. The resistance results in a decreased response of certain target organs to hormone stimulation (Xu et al, 1998; Weiss et al, 1999) . Inactivation of the TIF-2 gene revealed that it plays a critical role in mouse reproductive functions Mark et al, 2004) . The relative levels of SRC-1 and TIF-2 were furthermore shown to influence energy homeostasis, since, SRC-1, but not TIF-2, was shown to enhance the thermogenic activity of the peroxisome proliferator-activated receptor gamma coactivator 1a (PGC1a) (Picard et al, 2002) . Ablation of the SRC-3 gene in mice results in growth retardation and SRC-3 À/À mice are hence small in size, exhibit delayed puberty, reduced female reproductive function, and reduced mammary gland development (Wang et al, 2000; Xu et al, 2000; Wu et al, 2002) . SRC-3 is suggested to be more promiscuous relative to other p160 proteins and to enhance the transcription of non-NR proteins including CREB (Torchia et al, 1997) and NF-kB (Wu et al, , 2004 . SRC-3 activity has been linked with proliferative processes and the SRC-3 gene is amplified and strongly expressed in primary breast tumor cells (Anzick et al, 1997) . SRC-3 is often overexpressed and sometimes amplified in other cancers, including those of the ovary (Anzick et al, 1997) , endometrium (Glaeser et al, 2001) , stomach (Sakakura et al, 2000) , liver (Wang et al, 2002) , and prostate (Gnanapragasam et al, 2001) . The overexpression of SRC-3 in transgenic mice furthermore leads to an increased tumor incidence and activation of the PI3K/AKT pathway, defining SRC-3 as an oncogene (Torres-Arzayus et al, 2004) . This adds SRC-3 to the list of individual components of the epigenetic machinery, including DNA methyltransferases, histone methyltransferases, and histone acetylase/deacetylases, which predispose to cancer development (Jones and Baylin, 2002; Lund and van Lohuizen, 2004) .
In this study, the role and the function of SRC-3 in hematopoiesis was investigated using SRC-3 À/À mice. SRC-3 À/À mice have a hematological deficit, characterized by a decrease in platelets and a striking increase in lymphocyte numbers often resulting in lymphoma formation. The expansion of T and B cells in SRC-3 À/À mice was at least in part cell autonomous, and correlated with an induction of both proliferative and antiapoptotic genes, secondary to constitutive NF-kB activation. These data, which are in apparent contradiction with previous results on the proliferative role of SRC-3 in epithelial cancers, show that the absence of SRC-3 also can lead to a cell-specific proliferative syndrome in lymphocytes, suggesting a selective antiproliferative action of SRC-3 in the hematopoietic system.
Results
Increased lymphocyte numbers in SRC-3 À/À mice involves the activation of NF-jB SRC-3 À/À mice had increased white blood cell (WBC) counts, which was mainly due to an expansion of lymphocytes, and decreased platelet numbers ( Figure 1A and C). These hematological disturbances were specific for SRC-3 À/À mice since WBCs abnormalities were not observed in animals that were deficient for other p160 members, SRC-1 À/À and TIF-2 À/À mice ( Figure 1B ). Flow cytometry indicated a significant increase in the proportion of CD4 þ and CD8 þ T cells in bone marrow, spleen, lymph nodes, and thymus of SRC-3 À/À mice ( Figure 1D ). Likewise, B cells were increased in the same organs of SRC-3 À/À mice ( Figure 1E ). Precursor populations of T and B cells in thymus were normal (Supplementary Figure 1) . These data indicate that SRC-3 À/À lymphocytes differentiate normally but there is a selective disturbance in lymphoid proliferation.
NF-kB plays a crucial role in hematopoiesis (Denk et al, 2000) and enhanced NF-kB activity can lead to lymphoproliferative disorders (Gilmore, 1999; Rayet and Gelinas, 1999; Hacker and Karin, 2002) . Therefore, we quantified nuclear NF-kB p65 levels using a sensitive ELISA-based assay. In the thymus, bone marrow, and spleen, nuclear p65 levels were induced in SRC-3 À/À mice ( Figure 2A ). In contrast, relative to wild-type mice, the nuclear p65 levels were decreased in breast and prostate biopsies of SRC-3 À/À mice. Finally, the expression levels of p65 did not change between nuclei isolated from skin biopsies of SRC-3 þ / þ and SRC-3
mice. These findings indicate that the absence of SRC-3 selectively increased nuclear translocation of NF-kB in thymus, bone marrow, and spleen. Similar conclusions were derived from electrophoretic mobility shift assays (EMSA), which showed enhanced NF-kB DNA-binding activity in nuclear protein extracts of the thymus and bone marrow of SRC-3 À/À mice ( Figure 2B ; lanes 4 and 5) relative to SRC-3
littermates (lanes 2 and 3). The combined results of these ELISA and EMSA studies hence suggest that SRC-3 inhibits NF-kB nuclear translocation in vivo in thymus, bone marrow, and spleen. Since phosphorylation-induced IkB degradation enables NF-kB activation and its subsequent nuclear translocation 
þ / þ , and TIF-2 À/À mice (age 7 weeks, n ¼ 8); (C) histology of SRC-3 þ / þ and SRC-3 À/À bone marrow showing the increase in the lymphoid series ( Â 20); (D) quantification of the proportion of CD4 þ T and CD8 þ T lymphocytes populations in bone marrow (BM), spleen, lymph nodes (LN), and thymus (shown also at the left of the panel) of SRC-3 þ / þ and SRC-3 À/À animals by flow cytometry; (E) quantification of the proportion of B lymphocytes in BM, spleen, and lymph nodes of SRC-3 þ / þ and SRC-3 À/À animals by flow cytometry. *Po0.05, **Po0.01. (Hayden and Ghosh, 2004) , we investigated the phosphorylation of IkB-a in thymus, bone marrow, skin, and prostate. Significantly more phosphorylated IkB-a was found in the thymus and bone marrow of SRC-3 À/À mice ( Figure 2C ). In contrast, the phospho-IkB-a levels were decreased in prostate biopsies of SRC-3 À/À mice. Finally, we did not detect phospho-IkB-a in skin biopsies from either SRC-3
mice. Consistent with these data, cytoplasmic IkB-a and IkB-b protein levels were decreased both in thymus and bone marrow of SRC-3 À/À mice (Supplementary Figure 2) .
Moreover, no differences in mRNA levels of IkB-a were detected in thymus and bone marrow between SRC-3
and SRC-3 À/À mice, showing that SRC-3 does not affect IkB-a mRNA production (Supplementary Figure 2) . These results suggest that SRC-3 stabilizes IkB in lymphoid tissues, which ultimately would lead to the activation of NF-kB.
SRC-3 controls lymphocyte proliferation and apoptosis in a cell autonomous manner NF-kB influences cell division through the stimulation of the expression of c-myb (Zhang et al, 1998) , and other cell cycle regulators such as the c-myc proto-oncogene (Evans et al, 1990; Zobel et al, 1991) . As expected, c-myb and c-myc mRNA levels were significantly increased in bone marrow, spleen, thymus, lymph nodes, and isolated lymphocytes of SRC-3 À/À mice compared to wild-type littermates ( Figure 2D ). No significant changes in c-myb and c-myc mRNA levels were, however, detected between skins of SRC-3 À/À and SRC-3 þ / þ mice. The expression of TNF-a, a proinflammatory cytokine induced by NF-kB, was also selectively induced in lymphoid tissues of SRC-3 À/À mice ( Figure 2D ). There was no compensatory increase in the expression of SRC-1 and TIF-2 in lymphoid tissues or skin ( Figure 2D ). To further explore the mechanisms that account for high lymphocyte numbers in SRC-3 À/À mice, in vitro cell proliferation assays were performed with the fluorescent dye CFSE. Loss of CFSE, as evidenced by a loss of fluorescence intensity, reflects cellular division. Interestingly, T cells of SRC-3
mice proliferated faster when stimulated with anti-CD3, either in the presence or absence of anti-CD28 ( Figure 3A ). Likewise, a more robust proliferative response after induction with anti-IgM and anti-CD40 was detected in B cells of SRC-3 À/À mice ( Figure 3B ). B-cell proliferation seems to be þ / þ and SRC-3 À/À thymus, BM, skin, and prostate by ELISA. **Po0.01; (D) mRNA levels of SRC-1, TIF-2, SRC-3, c-myb, c-myc, and TNF-a in BM, spleen, thymus, lymph nodes (LN), lymphocytes, and skin of SRC-3 slightly more enhanced when compared to that of T cells. Interestingly, there was no difference in the proliferation of SRC-3 þ / þ and SRC-3 À/À mouse embryonic fibroblasts (MEFs) ( Figure 3C ). We hence conclude that increased lymphocyte proliferation in SRC-3 À/À mice is specific to this cell lineage and caused by a cell autonomous process that may be the consequence of the NF-kB-mediated induction of proliferative genes such as c-myb and c-myc. Recently, SRC-3 was found to be associated with the IKK complex . To evaluate the potential implication of this kinase in the antiproliferative effect of SRC-3, we studied the lymphocyte proliferation in the presence or absence of wedelolactone, a reportedly selective and irreversible inhibitor of IKK-a and IKK-b (Kobori et al, 2004) . CFSE geometric mean fluorescence was lower in T cells and B cells of SRC-3 À/À mice, indicating an increase in proliferation rate when grown, respectively, in the presence of anti-CD3 þ anti-CD28 and anti-IgM þ anti-CD40 ( Figure 3D ). The addition of wedelolactone, which is reported to stabilize the interaction of NF-kB with IkB and hence decrease the transcriptional activity of NF-kB, diminished proliferation of T and B lymphocytes of SRC-3 þ / þ and SRC-3 À/À mice. Wedelolactone also decreased c-myb and BCL-XL mRNA expression in T and B lymphocytes of SRC-3 þ / þ and SRC-3 À/À mice ( Figure 3D ).
In an independent experiment, we used aspirin to inhibit IKKb activity, yielding qualitatively similar results as observed with wedelolactone (Supplementary Figure 3) . Although we cannot exclude effects of wedelolactone and aspirin on other targets, these data together suggest an eventual involvement of IKK in the antiproliferative effect of SRC-3. To demonstrate that IKK was involved in mediating the effects of SRC-3 on cell proliferation, we investigated the proliferation of T and B SRC-3 þ / þ and SRC-3 À/À lymphocytes that were transfected with an IKK expression vector (pFlag-CMV-IKK) ( Figure 3E ). Relative to T and B lymphocytes of SRC-3 þ / þ and SRC-3 À/À mice transfected with a control vector, the cells transfected with the IKK expression vector proliferated more after induction by anti-CD3 þ anti-CD28 or by anti-IgM þ anti-CD40, respectively. However, following cotransfection with IKK together with SRC-3, proliferation rate of T and B lymphocytes of SRC-3 þ / þ and SRC-3 À/À mice significantly decreased. These data indicate that inhibition of lymphocyte proliferation by SRC-3 is mediated by IKK, further underscoring the role of IKK/NF-kB in the enhanced lymphoproliferation observed in SRC-3 À/À mice.
Since abnormalities in apoptosis contribute to the pathophysiology of lymphoproliferative disorders (Sanchez-Beato et al, 2003), we also studied apoptosis using annexin V-propidium iodide (PI) staining. In spleen cell suspensions of SRC-3 À/À mice, populations of annexin V þ PI À (early apoptotic cells) and annexin V þ PI þ (late apoptotic cells) cells were decreased compared to SRC-3 þ / þ , suggesting that SRC-3 favors apoptosis ( Figure 4A ). In SRC-3 þ / þ and SRC-
We then investigated the expression of mRNAs encoding antiapoptotic NF-kB target genes. In isolated lymphocytes and spleen of SRC-3 À/À mice, BCL-2, BCL-XL, and c-FLIP mRNA levels were all significantly increased compared to wild-type littermates ( Figure 4C ). In contrast, in other tissues of SRC-3 À/À mice, such as skin and liver, the expression levels of antiapoptotic genes were not induced ( Figure 4C , data not shown). Like the expression of the proliferative c-myb gene, inhibition of IKK by wedelolactone also reduced the expression of these antiapoptotic genes in lymphocytes, consistent with a commanding role of NF-kB in this process ( Figure 3D ; data not shown).
To unequivocally prove that the absence of SRC-3 leads to lymphoproliferation, we analyzed the proliferation of T and B lymphocytes of SRC-3 þ / þ and SRC-3 À/À mice transfected with pLXRN-SRC-3 expression vector ( Figure 5A and B).
Relative to SRC-3 þ / þ mice, T and B lymphocytes of SRC-
mice transfected with the control vector (pLXRN) proliferated more after induction by anti-CD3 þ anti-CD28 or by anti-IgM þ anti-CD40, respectively. However, following transfection with SRC-3, the proliferation of T and B cells of SRC-3 À/À mice decreased significantly. Likewise, the increased expression of antiapoptotic genes (BCL-XL, BCL-2, c-FLIP) was also reversed in SRC-3 À/À lymphocytes upon SRC-3 transfection ( Figure 5C ). All these data together Figure 4 Decreased apoptotic activity in SRC-3 À/À mice. Flow cytometric analysis of apoptotic SRC-3 þ / þ and SRC-3 À/À spleen cell suspensions (A) and MEFs (B) after staining by annexin V FITC and propidium iodide (PI). The bar graphs at the bottom of (A) and (B) show the quantification of three independent experiments **Po0.01; (C) mRNA levels of BCL-2, BCL-XL, and c-FLIP in lymphocytes, spleen, and skin of SRC-3 þ / þ and SRC-3 À/À animals (age 7 weeks, n ¼ 8) determined by quantitative RT-PCR. *Po0.05, **Po0.01.
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Old SRC-3 À/À mice develop lymphomas
As in lymphoproliferative disorders, the hematologic disturbance was in general amplified with age when white blood cell counts of young (6-8 weeks) and old mice (11-12 months) were compared ( Figure 6A ). Consistent with the progression of the lymphoproliferation, a gradual decrease in gain of body mass was observed in SRC-3 À/À relative to Figure 6B ). This could reflect the negative energy balance often seen in the context of proliferative syndromes and cancers. None of the SRC-3 À/À animals were positive for anti-nuclear and anti-double-stranded DNA antibodies, indicating the absence of autoimmunity (data not shown). This suggests that the age-related increase in lymphocyte number and decrease in body weight is the consequence of the progression of the lymphoproliferative syndrome into malignant lymphoma. Consistent with this, the incidence of invasive disease (lymphoma) among mice of all ages was 40% higher in SRC-3 À/À mice as compared to their wild-type littermates ( Figure 6C ). Moreover, when we evaluated the mortality at 14 months of age, survival was significantly decreased (by seven-fold) in SRC-3 À/À mutant animals ( Figure 6D ).
To chart the development of malignant lymphoma, we then performed systematic necropsy in groups of three SRC-3 À/À and SRC-3 þ / þ mice at 3 and 11-14 months of age. The 3-month-old SRC-3 À/À mutants did not display macroscopic defects at necropsy, but they showed a 1.6-fold increase in spleen weight/body weight ratio, a ratio which further increased upon aging ( Figure 6E ). Histological analyses of these young mutant mice consistently revealed hyperplastic germinal centers in both lymph nodes and spleen (white ovals, compare Figure 7A and B and data not shown; Taddesse-Heath et al, 2000) . The cellularity of these hyperplastic germinal centers was, however, normal (compare Figure 7C and D). To further investigate the architecture of the SRC-3 À/À spleen and lymph nodes, immunohistochemical analyses were performed with antibodies directed against CD3 and B220, which detect T and B cells, respectively. In the spleen, T-cell distribution was normal (data not shown).
In contrast, B-cell distribution was disturbed: these cells invaded the marginal sinuses (S and brackets, Figure 7E and F) (Fredrickson et al, 1999) , and their number was increased in the red pulp (R, compare Figure 7G and H). B-and T-cell distributions within lymph nodes were unaffected (data not shown). The malignant degeneration of the lymphoid lesions is clearly illustrated by the enlarged mediastinal lymph nodes with disrupted capsules (C and arrowheads in Figure 7I and were also found in the liver, lungs, and kidneys (I, Figure 7N and P, compare with M and O, and data not shown). These aspects are indicative of a metastatic follicular B-cell lymphoma (Morse et al, 2002) . In old SRC-3 À/À mutant (14 months), the spleen was markedly enlarged, an abnormality that was present in all old SRC-3 À/À mice (2.14-fold increase in spleen/body weights ratio; Figure 6E ). Moreover, one of the mutant spleens exhibited several areas where its architecture was disorganized ( Figure 7Q -T) due to invasion of the white and red pulps by abnormal sheets of cells consisting mainly in histiocytes (HY in Figure 7T ), but also containing numerous, scattered, B lymphocytes (B in Figure 7T , compare with 7S). Infiltrates, probably formed by mature B cells, were present in the liver and lungs of this mutant (data not shown). These features are characteristic of a metastatic histiocyte-associated lymphoma (Morse et al, 2002) . Hyperplastic germinal centers in lymph nodes and spleen, occurring as a consequence of aging, were observed in four other old SRC-3 À/À mice (11 and 14 months of age) as well as in their SRC-3 þ / þ littermates, which otherwise displayed normal histological features. Altogether, these results indicate that ablation of SRC-3 results in increased B-cell proliferation and predisposes to B-cell lymphomas.
Discussion
The characterization of animals, which either lack or overexpress SRC-3, indicates that SRC-3 regulates somatic growth, affects steroid receptor function, and plays a role in the regulation of ovulation (Wang et al, 2000; Xu et al, 2000; Wu et al, 2002; Torres-Arzayus et al, 2004) . SRC-3 was also shown to be involved in the hormonal regulation of cell proliferation, and its altered expression may play a role in the hormonal promotion of tumorigenesis Torres-Arzayus et al, 2004) . In this study, we provide evidence that the absence of SRC-3 induces thrombocytopenia and a lymphoproliferative disorder often evolving into lymphoma. Tumorigenesis in other organs of SRC-3 À/À mice was not observed. The hematological disturbances were specific for SRC-3 À/À mice since similar abnormalities were not observed in animals that were deficient in the other p160 members, that is, SRC-1 À/À and TIF-2 À/À mice. These results confirm that, despite sequence and functional similarities between the p160 family of coactivators, SRC-3 À/À mice Figure 6 The lymphoproliferative syndrome in SRC-3 À/À mice detoriates with age into malignant lymphoma. (A) WBC and lymphocyte counts of young (2-3 months, n ¼ 8) and old mice (11-14 months, n ¼ 7); (B) body weight gain in SRC-3 þ / þ and SRC-3 À/À mice; (C) incidence of lymphoma in SRC-3 þ / þ (n ¼ 15) and SRC-3 À/À (n ¼ 14) mice. Statistical significance (Po0.05; w 2 test) is indicated; (D) percentage of mortality of SRC-3 þ / þ (n ¼ 11) and SRC-3 À/À (n ¼ 7) mice at 14 months of age. Statistical significance (Po0.01; w 2 test) is indicated; (E) spleen/body weight (BW) ratio of young (3 months, n ¼ 8) and old mice (14 months, n ¼ 7). *Po0.05; (F) scheme explaining the mechanism leading to the lymphoproliferative syndrome in SRC-3 À/À mice. The size of symbols/arrows reflects the relative concentrations of signaling factors. þ / þ littermate is displayed for comparative purposes. Abbreviations: A, lung alveoli; AD, adipose tissue; B, mature B cells; C, capsules of lymph nodes; CA, central arterioles; CB, centroblasts; CY, centrocytes; F, splenic lymphoid follicles; G, germinal centers of lymphoid follicles; H, hepatocytes; I, lymphoid infiltrates; M, macrophages; P, periphery of lymphoid follicles (mantle zone); PA, periarteriolar lymphoid sheath (main T-cell zone of the spleen); R, red pulp of the spleen; S, marginal sinus; W, white pulp of the spleen. White ovals, limits of germinal centers in lymph nodes; green ovals, limits of follicles in lymph nodes; yellow outlines, limits of the white pulp of the spleen; brackets, marginal zone of the white pulp; arrowheads, tumor cells invading adipose tissue. Hematoxylin and eosin stain (A-D and I-T) and computer generated bright field images of B220 immunodetection (red pseudocolor) with DAPI counterstain (E-H). Bar: 50 mm (A, B), 2.5 mm (C, D), 20 mm (E-L), 145 mm (M-P), 35 mm (Q, R), and 5 mm (S, T). The absence of SRC-3 had, however, no effect on proliferation of MEFs showing that the effect is not present in all tissues but rather specific to cells of the lymphoid lineage. Our data underscore that SRC-3 can act as a bona fide tumor suppressor in the hematopoietic system, whereas we detected no effects on cell proliferation and apoptosis in other tissues. The fact that SRC-3 acts as a tumor suppressor in the lymphoid system is in sharp contrast to the overexpression or amplification of the SRC-3 gene observed in breast (Anzick et al, 1997) and certain other cancers in humans (Sakakura et al, 2000; Glaeser et al, 2001) . Furthermore, transgenic overexpression of SRC-3 favors the development of cancers of breast and other tissues (Torres-Arzayus et al, 2004) . Other studies, however, have also documented a loss of heterozygosity of SRC-3 in breast cancers (Shibata et al, 2001 ), a feature characteristic of tumor suppressors, such as p53 and RB. Likewise, the loss of SRC-3 expression has been linked with pronounced vascular cell proliferation, indicative of a growth suppressive activity of SRC-3 in the vascular wall . Altogether, these data indicate that SRC-3 could have both oncogenic and antioncogenic roles, depending on the particular cellular and molecular signaling pathway context. Several good examples exist of the impact of the cellular and molecular context on the proliferative/tumorigenic potential of proteins. For instance, depending on the presence of the retinoblastoma (Fajas et al, 2003) and adenomatous polyposis coli (APC) proteins (Girnun et al, 2002) , PPARg was shown to either induce or reduce cell proliferation. Such changes in the molecular milieu have been invoked to explain why treatment with PPARg agonists inhibits tumor development in xenograft models of colon cancer (Sarraf et al, 1998) , whereas it enhances tumorigenesis in the genetic APC Min/ þ model of colon cancer (Lefebvre et al, 1998; Saez et al, 1998) . Likewise, in an myc-inducible osteosarcoma mouse model, expression of the myc oncogene in immature osteoblasts induces tumors, but apoptosis ensues in differentiated osteocytes (Jain et al, 2002) . The particular cellular context also may dictate whether SRC-3 will induce (breast epithelium) or reduce (lymphoid system) tumor formation.
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NF-kB was recently shown to function as a tumor promotor (Aggarwal, 2004; Greten et al, 2004; Pikarsky et al, 2004) . NF-kB furthermore plays a crucial role in hematopoiesis (Denk et al, 2000) and enhanced NF-kB activity leads to lymphoproliferative disorders and lymphomas (Rayet and Gelinas, 1999) . This is often due to rearrangement and/or amplification of the NF-kB genes (Denk et al, 2000; SanchezBeato et al, 2003) . The pivotal role of NF-kB in the development and function of hematopoietic cell types on one side and the reported association of SRC-3 with IKK on the other side suggested that NF-kB could be implicated in the antiproliferative role of SRC-3. We show here that SRC-3 gene deletion results in constitutive NF-kB activation in vivo. This is attributed to the fact that IKK bound to SRC-3 , limits IkB phosphorylation and hence stabilizes IkB in hematopoietic tissues, inhibiting NF-kB nuclear accumulation and transcriptional activity. We excluded the possibility that the loss of SRC-3 affected IkB mRNA expression (Supplementary Figure 2) . This mechanism may hence seem in contrast to previous studies which showed that SRC-3 can function as an NF-kB transcriptional coactivator in vitro (Werbajh et al, 2000; Wu et al, 2002; Gao et al, 2005) . These studies, however, mainly tested the capacity of SRC-3 to activate NF-kB-mediated reporter gene expression in transfected breast and prostate cells and to control the expression of a single NF-kB target gene (IRF-1) in spleen . Our current results reflect a chronic hematopoetic selective effect in animals and substantiate gene-, cell-and signaling-specific actions of SRC-3. Although unexpected, this result is not without precedent. Multiple examples exist where SRC coactivators have been reported to enhance gene expression in certain tissues, while displaying gene repressive effects in others (Weiss et al, 1999; Takeuchi et al, 2002) .
NF-kB, whose activity was enhanced in SRC-3 À/À mice, was previously reported to influence cell growth through the stimulation of the c-myc or c-myb promoter (Zhang et al, 1998) . Consistent with this, we show here that the expression of these two genes is elevated both in purified lymphocytes as well as in lymphoid tissues of SRC-3 À/À mice, indicating that SRC-3 downregulates c-myb and c-myc expression hence controlling lymphoid proliferation. Interestingly, thrombopenia can also be attributed to elevated c-myb expression in SRC-3 À/À mice. In fact, this inhibitory effect of c-myb on platelet production is in line with a recent study, which showed that the reduced expression of c-myb induces platelet production in the absence of thrombopoietin signaling (Carpinelli et al, 2004) . The critical step by which thrombopoietin stimulates platelet production involves downregulation of c-myb expression or activity-a condition that is not met in the SRC-3 À/À mice which have increased levels of c-myb in hematopoietic tissues. Interference with apoptosis is another way how NF-kB could impact on lymphoproliferation. Raised threshold for apoptosis represents a central step in tumorigenesis (Adams and Cory, 1998) , and antiapoptotic BCL-2 family members have oncogenic potential. For example, the BCL-2 gene is activated by chromosomal translocations in the majority of non-Hodgkin's lymphomas (Tsujimoto et al, 1985; Weiss et al, 1987) . BCL-2 overexpression prolonges B-cell survival, and mice that overexpress BCL-2 are susceptible to autoimmune diseases and follicular hyperplasia that can progress to malignant large-cell lymphoma (McDonnell et al, 1989; McDonnell and Korsmeyer, 1991) . NF-kB induces the expression of antiapoptotic factors such as the inhibitor of apoptosis proteins, c-FLIP, and TRAF1-2, as well as members of the BCL-2 family such as BCL-XL (Micheau et al, 2001; Karin and Lin, 2002) . Consistent with this, we demonstrate here that lymphocytes, but not MEFs, of SRC-3 À/À mice are resistant to apoptosis, and we correlate this with elevated BCL-2, BCL-XL, and c-FLIP mRNA levels. These data hence implicate SRC-3 also in the cell specific control of apoptosis. The increase in lymphocytes in SRC-3 À/À mice is therefore the consequence of NF-kBmediated induction of both proliferative and antiapoptotic genes.
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In conclusion, the deletion of the SRC-3 gene leads to thrombocytopenia and cell autonomous induction of lymphocyte proliferation often culminating in malignant B lymphoma. The lymphoproliferation reflects an activation of NF-kB, which in turn induces the expression of both genes that stimulate proliferation and inhibit apoptosis of hematopoietic cells. Our results substantiate existing evidence linking SRC-3 and NF-kB signaling (Werbajh et al, 2000; Wu et al, 2002; Park et al, 2005) and fuel the hypothesis that NF-kB can also act as a potent tumor inducer in the hematopoietic system (Rayet and Gelinas, 1999; Greten et al, 2004; Pikarsky et al, 2004) . Although, we cannot exclude the possibility that NF-kB-independent mechanisms contribute to the phenotype. In the lymphoid system, factors such as NFkB, c-myb, or BCL-2 direct SRC-3's activity toward inhibition of tumor development. In the breast, other transcription factors (e.g. estrogen receptors) are most likely the predominant codeterminants of the stimulatory activity of SRC-3 on tumor development.
Materials and methods
Animal experiments
The generation of the SRC-1 À/À (Xu et al, 1998) , TIF-2 À/À , and SRC-3 À/À (Xu et al, 2000) mouse lines were described. All mice were maintained on a pure C57BL/6J background. Only female, age-matched mice were used. Mice were maintained according to EU guidelines and had ad libitum access to water and chow (DO4, UAR, France). Mice were killed by decapitation and tissues were harvested, weighed, quickly frozen in liquid nitrogen, and stored at À801C until further processing.
Hematological analysis and flow cytometry
Blood was collected from the retroorbital sinus and complete blood counts were performed with an ACT DIFF (Beckmann Coulter Fullerton, CA). The neutrophils, lymphocytes, monocytes, eosinophils, and basophils were determined by microscopic analysis. Cells were cytospun (10 5 cells/slide) onto glass slides, and stained with May-Grunwald followed by Giemsa. Lineage staining was performed using fluorescein isothiocyanate (FITC)-conjugated anti-CD8, phycoerythrin-conjugated anti-CD4, phycoerythrin-conjugated anti-IgM, Cy5-conjugated anti-CD19, and Cy5-conjugated anti-B220 antibodies (all from Pharmingen, San Diego, CA). All analyses were carried out on a FACScan (Becton Dickinson, San Jose, CA) using the CellQuest software (Becton Dickinson).
RNA extraction and RT-PCR
RNA preparation was as described (Rocchi et al, 2001) . cDNA was synthesized by using the SuperScript System (Invitrogen, Carlsbad, USA) and random hexamer primers. Quantitative RT-PCR was performed by using LightCycler FastStart DNA Master SYBR Green I from Roche Diagnostics. The sequences of primers used are available at www.igbmc.ustrasbg.fr/Departments/Dep_V/ Dep_VA/Publi/Paper.html. 18S rRNA was used as the invariant control.
Immunoblotting and ELISA for IjB-a Tissue homogenization and preparation of cytosolic and nuclear fractions, SDS-PAGE, and electrotransfer were performed as described (Schoonjans et al, 1996) . Filters were first incubated 4 h at 211C with primary antibody against IkB-a and IkB-b (Santa Cruz Biotechnology, CA), and then for 1 h at 211C with a peroxidaseconjugated secondary antibody. Phosphorylation of IkB-a was studied with the FunctionELISA s IkB-a kit (Active Motif, Rixensart, Belgium), which detects specifically phosphorylated IkB-a.
DNA-binding activity and EMSA
Tissue homogenization and nuclear proteins were prepared with the TransAM s nuclear extract kit (Active Motif). In brief, 20 mg of nuclear extract was added to each well of a 96-well plate into which an oligonucleotide with an NF-kB consensus-binding site had been immobilized. Linked NF-kB was detected with TransAM s ELISA kit using a specific p65 NF-kB antibody and a secondary HRP antibody. The final A 450 was read on a microplate reader (Berthold Technologies, France).
Nuclear protein extraction and EMSA was carried out as described (Schoonjans et al, 1996) using a double-stranded 32 P-ATP-labeled RelA NF-kB probe 5 0 -AGCTTGGGGACTTTCCACTAG TACG-3 0 . Specific binding was determined by adding 100-fold molar excess of unlabeled NF-kB-binding oligonucleotide to the reaction mixture.
Lymphocyte and MEF proliferation and apoptosis studies Spleens were removed from 6-to 8-week-old mice and single-cell suspensions were prepared. MEFs were prepared from embryos at E13.5 from SRC-3 þ / þ and SRC-3 À/À pregnant female mice and cells were self-immortalized (Picard et al, 2002) . To determine cell division, cells were labeled with 20 mg/ml of 5-(and 6)-carboxyfluorescein diacetate succinimidyl ester (CFSE; Sigma, Saint Louis, MO) at 371C for 15 min. T cells were cultured at 2 Â10 5 cells/well in 200 ml of 10% RPMI medium, precoated with 10 mg/ml anti-CD3 antibody (Becton Dickinson) and/or 25 mg/ml anti-CD28 antibody (BD Bioscience, Mountain View, CA). B lymphocytes were resuspended in 10% RPMI medium and supplemented with 10 mg/ml anti-IgM (Jackson Immunoresearch, Cambridge, UK) 710 mg/ml anti-CD40 (Pharmingen, San Diego, CA). In certain experiments, cells were stimulated for 72 h in the presence or absence of wedelolactone (20 mM) (Calbiochem, Darmstadt, Germany) or aspirin (0.1 mM). For apoptosis analysis, cells were stained with fluorescein isothiocyanate (FITC)-conjugated annexin V and propidium iodide (PI) for 5 min at 211C. Data for proliferation or apoptosis were collected in a FACS Calibur and analyzed by the CellQuest software. Cell culture experiments were repeated at least three times. Representative experiments are shown.
Transfection studies
Spleen cell suspensions were transfected with nucleofection (Amaxa, Koeln, Germany) using either the pLXRN control (BD Biosciences), the pLXRN-SRC-3 vector, which contains SRC-3 cDNA, and/or an IKK expression vector (pFlag-CMV-IKK). The pmaxGFP vector was cotransfected in all transfection studies enabling selection of GFP-positive cells, which were used for further culture. After transfection, T and B cells were cultured and stimulated as described above. Cell proliferation was analyzed by [ 3 H]thymidine incorporation. RNA was extracted from parallel plates.
Histology and immunohistochemistry
Tissues were collected and prepared for hematoxylin and eosin staining and immunohistochemistry according to standard operating procedures available at http://www.eumorphia.org/. Antibodies directed against CD3 (KT3) and B220 (RA3.6B2) were produced in our laboratory. Sections were taken out from À801C, dried at 201C for 10 min, hydrated in PBS-0.5% Tween (PBST) incubated overnight at 41C, with either the anti-CD3 or the anti-B220 antibody (diluted 1/1000 in PBST containing 5% normal goat serum), washed in PBST incubated with a secondary CY3-conjugated antibody (Jackson Laboratories) for 1 h at 211C, washed and then counterstained with DAPI (Roche) and mounted with Vectashield s (Vector).
Supplementary data
Supplementary data are available at The EMBO Journal Online.
